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ABSTRACT 

h 

T h i r t y  guinea p i g s  w i t h  normal hea r ing  w e r e  used. S i x  were c o n t r o l s  and 

e i g h t  each were exposed t o  1,000 s o n i c  booms a t  approximately 130 dB of  2,  

4.76 and 125 m s e c  N-wave p u l s e  du ra t ion ,  r e s p e c t i v e l y .  The cochleae  w e r e  d i s -  

s ec t ed ,  s t a i n e d  w i t h  osmium t e t r o x i d e ,  and t h e  organ of C o r t i  removed f o r  h i s -  

t o l o g i c a l  examination, 

a p i c a l  t u r n  of t h e  cochleae of t h e  exposed guinea p i g s  w h i l e  t h e  o t h e r  t u r n s  

It w a s  observed t h a t  h a i r  ce l l  damage occurred  i n  t h e  

were unaf fec ted .  Damage o.ccurred i n  t h e  same p l a c e  w i t h  a l l  p u l s e  s i g n a t u r e s  

t e s t e d  , 



F 

INTRODUCTION 

The imminent appearance of supe r son ic  commercial a i r c r a f t  makes t h e  

threat of f r equen t  exposure t o  s o n i c  booms a r e a l i t y .  It is  thus  very  urgent  

that w e  e v a l u a t e  t h e  e f f e c t  on ear t i s s u e s  of  t h e s e  h igh  i n t e n s i t y  pu l ses  un- 

d e r  c o n t r o l l e d  condi t ions .  The a b i l i t y  t o  f a sh ion  s o n i c  booms of  d i f f e r e n t  

s p e c t r a l  conten t  and wave conf igu ra t ion  may permit  u s  t o  seek  ou t  t h a t  p u l s e  

which is leas t  harmful  t o  aud i to ry  s t r u c t u r e s .  With t h i s  in format ion ,  air- 

c r a f t  des ign  could b e  modcfied t o  b e  less de t r imen ta l  t o  h a i r  ce l l s  (Howes, 

1967; Koegler,  1967,)  

Research on s o n i c  boom involv ing  human s u b j e c t s  h a s  l a r g e l y  taken  f o r  

gran ted  t h a t  no h a i r  c e l l  damage would occur  i n  any t u r n s  of t h e  cochlea  

(Nixon, 1969; Hubbard and Mayes, 1967; Kry te r ,  1969.) This  i s  probably due t o  

t h e  benign loudness  levels i n  assessin;  a p i c a l  h a i r  c e l l  damage by s t anda rd  

audiometr ic  procedures .  

Therefore ,  w e  decided t o  s u b j e c t  gu inea  p i g s  t o  c o n t r o l l e d  s o n i c  booms i n  

o r d e r  t o  o b j e c t i v e l y  e v a l u a t e  damage t o  t h e  aud i to ry  mechanism. The cochleae 

of  t h e  animals could b e  removed and s t u d i e d  microanatomical ly  f o r  h a i r  ce l l  

damage and thus  demonstrate p o s i t i v e l y  any e f f e c t s  of s o n i c  boom trauma. 



METHODS 

From 30 guinea p i g s ,  s i x  w e r e  s e l e c t e d  randomly as con t ro l s .  These w e r e  

t e s t e d  f o r  P reye r  r e f l e x  and s a c r i f i c e d ,  

t h r e e  groups,  t e s t e d  f o r  P reye r  r e f l e x ,  exposed t o  one of t h r e e  types  of s o n i c  

booms, r e t e s t e d  f o r  P reye r  r e f l e x ,  and then  s a c r i f i c e d .  The cochleae  were re- 

moved and prepared  f o r  h i s t o l o g i c a l  examination. 

The 24 remaining were d iv ided  i n t o  

S p e c t r a l  ana lyses  w e r e  a l s o  c a r r i e d  o u t  of t h e  s o n i c  booms f o r  estima- 

t i o n s  of s p e c t r a l  power dens i ty .  

Preyer  Reflex Tes t ing  

A GR tone  b u r s t  gene ra to r  Type 1396A w a s  used as an  e l e c t r o n i c  switch.  

Wavetek Model 111 w a s  used as t h e  tone  o s c i l l a t o r  and w a s  se t  f o r  s i n e  wave 

A 

output .  A HP 651A o s c i l l a t o r  w a s  used t o  t i m e  t h e  tone  b u r s t  gene ra to r  t o  de- 

l i v e r  a b u r s t  of 250 msec d u r a t i o n  a t  an i n t e r v a l  of  l / sec ,  

n o i s e  ana lyze r  Type 1558AP w a s  used as a band pass  f i l t e r  t o  e l i m i n a t e  unwant- 

ed f r equenc ie s  produced by t h e  sudden o n s e t  of t h e  tone.  

l i f i e d  by a McIntosh 40 a m p l i f i e r  and d e l i v e r e d  t o  a B&K A r t i f i c i a l  Mouth Type 

4216. 

A B&K 1/2" microphone w a s  p laced  a t  0 degrees  inc idence  t o  t h e  A r t i f i c i a l  

Mouth r i g h t  above t h e  guinea  p i g ' s  ear which w a s  a l s o  a t  0 degrees  inc idence  

to t h e  A r t i f i c i a l  Mouth. The microphone i n p u t  was p u t  i n t o  a B&K microphone 

a m p l i f i e r  Type 2603 which permi t ted  i n t e n s i t y  monitor ing.  A sound i n t e n s e  

enough t o  cause a pinna j e r k  w a s  produced and a t t e n u a t e d  s tepwise  u n t i l  no 

movement of t h e  p inna  could b e  observed. The i n t e n s i t y  of  t h i s  sound a t  t h e  

guinea p i g ' s  ear w a s  recorded as t h e  P reye r  r e f l e x  th re sho ld .  

A GR oc t ave  band 

The output  w a s  amp- 

(An E l e c t r o  Voice 16W speaker  w a s  used f o r  f r equenc ie s  below 500 Hz.) 



Sonic Boom Generat ion 

The guinea  p i g  w a s  p u t  i n t o  a c i r c u l a r  hardware c l o t h  cage and pushed i n t o  

a p l ane  wave tube  ahead of a 9'  f i b e r  g l a s s  wedge. The tube  w a s  20' long and 

one f o o t  i n  d iameter ,  (For t h e  125 msec pu l se ,  t h e  wedge w a s  n o t  used and t h e  

t u b e  w a s  extended by a d d i t i o n  of a 25 cu. f t .  r e sona to r  box. The guinea  p i g ' s  

cage w a s  suspended i n  t h e  box.) A B&K 1/2" microphone w a s  mounted over  t h e  

guinea p i g ' s  ear a t  t h e  same 0 degrees  inc idence  as t h e  ear t o  t h e  E l e c t r o  

Voice Model 30W speaker  mounted a t  t h e  end of t h e  tube.  The microphone l e d  out  

of t h e  t u b e  t o  a B&K microphone a m p l i f i e r  Type 2603. 

l i f i e r  went t o  a Tekt ronix  Type 545B o s c i l l o s c o p e  f o r  d i s p l a y ,  

The ou tpu t  from t h i s  amp- 

To produce t h e '  

' *  p u l s e ,  t h e  Wavetek Model 111 o s c i l l a t o r  w a s  set t o  d e l i v e r  N-waves and f ed  i n t o  

the GR t o n e  b u r s t  gene ra to r  Type 13968. I n i t i a l l y ,  t h e  tone  b u r s t  gene ra to r  

was set  f o r  1 0  p u l s e s  p e r  second. The fundamental  frequency of t h e  N-wave w a s  

e i t h e r  210 Hz, 500 Hz, o r  8Hz. The out-put of t h e  tone  b u r s t  gene ra to r  went t o  

a GR.decade a t t e n u a t o r  Type 1450TBR. This  w a s  set  i n i t i a l l y  f o r  50 dB a t tenu-  

a t i o n .  

a j u n c t i o n  t o  t h e  Tekt ronix  Type 545B o s c i l l o s c o p e  f o r  d i s p l a y .  

t h e  McIntosh w a s  set t o  d e l i v e r  80 dB a t  t h e  v i c i n i t y  of  t h e  guinea  p i g  micro- 

phone. The meter d i a l  on t h e  B&K microphone a m p l i f i e r  w a s  set t o  RMS slow. 

Thus, 80 dB w a s  measured, The ou tpu t  from t h e  tone  b u r s t  gene ra to r  w a s  t hen  

set t o  1 p u l s e  p e r  sec. and t h e  decade a t t e n u a t o r  t hen  set t o  0 dB a t t e n u a t i o n .  

Thus, t h e  sound p r e s s u r e  level  a t  t h e  guinea  p i g ' s  ear was  t h e o r e t i c a l l y  130 

The ou tpu t  from t h e  a t t e n u a t o r  went t o  t h e  McIntosh 40 a m p l i f i e r  a f t e r  

The g a i n  of 

dB. F igures  1-3 demonstrate  t h e  shape of t h e  N-wave from t h e  Wavetek o s c i l l a -  

t o r  a t  t h e  top  and t h e  wave conf igu ra t ion  a t  t h e  guinea p i g ' s  ear on t h e  bot- 

tom. 

counted w i t h  a.Beckman Universa l  Eput and T i m e r  Model 7350A. 

w a s  then  removed from t h e  tube.  

A t o t a l  of 1,000 b u r s t s  were d e l i v e r e d  t o  t h e  guinea  p ig .  These were 

The guinea  p i g  



. . . . . . . . . . . . .  . . . . . .  .......... ................. 

i 

. ....... .i?. . . . . . . .  .._". ..... 

__ 

Figure 1. 2 msec d u r a t i o n  N-wave 
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F i g u r e  2. 4.76 msec duration N-wave 
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Figure 3. 1 2 5  msec d u r a t i o n  N-wave 
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S p e c t r a l  Analysis  

The s p e c t r a l  ana lyses  w e r e  c a r r i e d  o u t  as fo l lows:  The output  from t h e  

PM tape  r eco rde r  w a s  f e d  i n t o  a S p e c t r a l  Dynamics Corporat ion (SDC) Dynamic 

Analyzer Model SD-101A. The b e a t  frequency s i g n a l  f o r  heterodyning w a s  ob- 

t a i n e d  from a 'SDC sweep o s c i l l a t o r  Model SD-104A-2. 

of t h e  Dynamic Analyzer w a s  2 Hz, The s i g n a l  w a s  then  p u t  through a H e w l e t t -  

Packard Moseley Div is ion  Logarithmic Converter Model 75618 and from t h e r e  t o  a 

Hewlett-Packard Moseley Div is ion  2D-3 T ime  Base. 

see. 

X-Y Recorder. 

types  of s o n i c  booms. 

The c r y s t a l  f i l t e r  pas s  

The sweep w a s  set a t  1 Hz/ 

The ou tpu t  w a s  g r a p h i c a l l y  recorded on a Moseley Autograf Model 2 DR-2 

Figures  4-6 show t h e  s p e c t r a l  power d e n s i t i e s  f o r  t h e  d i f f e r e n t  

F igure  4 .  S p e c t r a l  a n a l y s i s  of t h e  2 msec dura t ion  N-wave 



Figure  5 .  S p e c t r a l  a n a l y s i s  of t h e  4.76 msec dura t ion  N-wave. 

A run w a s  recorded and analyzed of t h e  complete system b u t  wi thout  any 

n o i s e  presented  t o  t h e  microphone. This  se rved  as c o n t r o l .  

I n  o r d e r  t o  e s t a b l i s h  i n t e n s i t y  parameters  f o r  t h e  y-axis ,  a c a l i b r a t e d  

124.7 dB pure tone  of 125 Hz was recorded on t h e  FM r eco rde r  through the.B&K 

system using t h e  same microphone a m p l i f i e r  s e t t i n g s  as dur ing  t h e  a c t u a l  ex- 

periment (120 dB l a r g e  knob, -10 dB s m a l l  knob), and a l s o  t h e  same reco rde r  

i n p u t  s e t t i n g  (3  v o l t , )  The t a p e  recorded s t i m u l i  were then passed through a 

B&K frequency ana lyze r  Type 2107 which w a s  set f o r  maximum f i l t e r  s lope .  The 

ou tpu t  of t h i s  device  l e d  t o  a Tektronix 545B o s c i l l o s c o p e  f o r  d i sp l ay .  By 
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Figure  6. S p e c t r a l  a n a l y s i s  of  t h e  125  msec d u r a t i o n  N-wave 

manually tun ing  through t h e  spectrum, t h e  p o i n t  of g r e a t e s t  i n t e n s i t y  w a s  

found. The v a l u e  of ampli tude on t h e  scope w a s  recorded. The recorded 125 

Hz pure  tone  w a s  t hen  f e d  i n t o  t h e  frequency ana lyze r  (but  wi thout  t h e  i n t e r -  

n a l  f i l t e r i n g )  and t h e  output  l e d ’ i n t o  t h e  osc i l l o scope .  

t h i s  known i n t e n s i t y  s i g n a l  was recorded and compared w i t h  t h a t  found f o r  t h e  

The ampli tude of  

s t imu lus  s i g n a l .  S ince  t h e  s t imu lus  frequency s e l e c t e d  corresponded t o  t h e  

g r e a t e s t  peak on t h e  graph,  t h e  i n t e n s i t y  could be  a sc r ibed  t o  a known p o i n t  

on t h e  graph. The f i l t e r  pas ses  of t h e  B&K and t h e  Dynamic Analyzer were 

about  t h e  same, s o  t h e  i n t e n s i t i e s  recorded on t h e  o s c i l l o s c o p e  and X-Y 



p l o t t e r  w e r e  about  equal .  

k e p t  as s m a l l  as p o s s i b l e  t o  minimize e r r o r s  i n  ampli tude l i n e a r i t y  due t o  

pen i n e r t i a .  

The excurs ion  of t h e  pen on t h e  o s c i l l o g r a p h  w a s  

Histology 

The temporal’bones w e r e  removed and f i x e d  i n  4% glu tera ldehyde  f o r  24 

hours .  The osseous l a b y r i n t h  was  c a r e f u l l y  removed and t h e  membranous laby- 

r i n t h  s t a i n e d  f o r  h a l f  an  hour  w i t h  1% osmium t e t r o x i d e .  The t i s s u e  w a s  nex t  

dehydrated i n  success ive  s t e p s  of 50, 70, and 95% e thano l .  The stria vascu- 

l a r i s  w a s  removed and t h e g t e c t o r i a l  membrane pee led  o f f  of  t h e  organ of  Cor t i .  

The b a s i l a r  membrane and organ of C o r t i  w e r e  removed one c o i l  a t  a t i m e  and 

p laced  on a g l a s s  microscope s l i d e .  

cover  s l i p  w a s  mounted and s e a l e d  w i t h  wax. 

s t u d i e d  under o i l  immersion w i t h  a phase c o n t r a s t  microscope. 

Glycer in  w a s  added over  t h e  t i s s u e  and a 

The specimen could then  b e  



RESULTS AND DISCUSSION 

I n  a l l  24 guinea p i g s  exposed t o  t h e  s o n i c  booms, damage was restricted 

t o  t h e  a p i c a l  t u r n ,  l eav ing  t h e  o t h e r  t u r n s  normal (Figures  7 and 8.) 

F igure  7 

Apex - Many scars fo l lowing  s o n i c  boom 

. ...... I .... __ ........... 1. . -  - -  .. . . . . . . . . . . . .  - - I . - . . ~- -~ - 



. Figure 8 

2nd Turn - Nom1al structures, sane &&-Lea 
p i g  af ter  s o ~ . i c  booiii expsure  

Sinc.2 t he  t i m e  o f  sac.rffice af the gtrii?ea p ig?  raaged f r o m  2 4  h o u r s  t,e 

two weeks after exposure,  it w a s  felt tha t  the  d~~!?age  to the haLr cel.ls was 

o m  week a f t e r  s o n i c  boom exposure.  11- can be srerr t9xi.t many of t he  damaged 



t h e  space  occupied by t h e  cell .  

o u t e r  two rows of ce l l s  w i t h  t h e  i n n e r  row escaping  damage completely.  

H a i r  c e l l  damage i s  mainly r e s t r i c t e d  t o  t h e  

A very  i n t e r e s t i n g  obse rva t ion  is  that t h e  P reye r  r(ef1ex remains un- 

changed a f t e r  exposure t o  s o n i c  booms even when t e s t e d  w i t h i n  15 minutes of 

exposure.  This  i s  very  important  because i t  demonstrates  t h a t  no aud io log ic  

test can uncover t h e  damage even though i t  is  very  ev iden t  when examined h i s -  

t o l o g i c a l l y .  Thus, s o n i c  boom experiments conducted w i t h  human s u b j e c t s  might 

reveal no impairment of  a u d i t o r y  func t ion  wh i l e ,  i n  f a c t ,  damage may b e  pres-  

ent. T h i s  i s  a r e s u l t  of t h e  o rgan iza t ion  and func t ion  of  the b a s i l a r  mem- 

brane.  Low f r equenc ie s  cause s m a l l  d isplacements  of t h e  e n t i r e  b a s i l a r  

membrane so  t h a t  t h e r e  are many cells capable  of responding t o  t h e  s t imu lus  

even though the ce l l s  l o c a t e d  i n  t h e  reg ion  where t h e  maximum displacement 

occurs  are destroyed.  For t h i s  reason ,  low frequency hea r ing  may n o t  be  

a f f e c t e d  even though t h e  a p i c a l  t u r n  i s  damaged. However, a weakening has  

occurred which could i n  t i m e  a f f e c t  o t h e r  areas, thereby  a i d i n g  t h e  develop- 

ment of a hea r ing  l o s s .  

A v a l i d  ques t ion  could b e  r a i s e d  t h a t  p r e s e n t i n g  s o n i c  booms every second 

could be  more de t r imen ta l  than  exposure of  once o r  twice a day, which would be  

more real is t ic  i n  t h e  normal community. 

more d e s t r u c t i v e  as a r e s u l t  o f  t h e  a d d i t i o n  of damage be fo re  t h e  ce l l  could 

R e p e t i t i v e  exposure could w e l l  be  

have a chance t o  r e p a i r  i t s e l f ;  t hus ,  r e v e r s i b l e  damage could be  converted $0 

i r r e v e r s i b l e  damage by r a p i d  consecut ive s t i m u l a t i o n ,  Add i t iona l  r e sea rch  

would have t o  b e  undertaken t o  c l a r i f y  t h a t  p o i n t ,  

We noted t h a t  damage w a s  s imilar r e g a r d l e s s  of t h e  p u l s e  s i g n a t u r e .  De- 

s t r u c t i o n  always occurred  i n  t h e  a p i c a l  t u r n  of t h e  cochlea.  This  i s  indica-  

t ive  o f - t h e  massive displacement of t h e  b a s i l a r  membrane c r e a t e d  by pu l ses  of 

6 



such magnitude. The usua l  d i s c r e t e  p o i n t  of maximum displacement produced by 

sounds of moderate i n t e n s i t y  (85 dB) i s  rep laced  by a broad area i n  which t h e  

membrane i s  d is tended  t o  i ts maximum. 

Thus, i t  would appear t h a t  no design of an  a i r p l a n e  wing would b e  

accep tab le  f o r  reducing t h e  harm of s o n i c  boom exposure except  one which 

would cons iderably  reduce t h e  i n t e n s i t y .  
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